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INTRODUCTION 


Comparisons of the relative accuracy of measurements made in irriga- 
tion canals with current meters using different methods are made in the 
following discussion. In connection with field experiments made on the 
flow in various types of canals in order to determine the value of the 
coefficient » of Kutter’s formula,’ detail current-meter gagings were 
necessary. These detail gagings and other observations made at the 
same time have been used to compare the results obtained by the 
standard two-point, single-point, and integration methods, as well as 
by floats and various selected points of measurement. Much experience 
is now available in regard to the various methods of current-meter 
observations used in natural channels. The results given here apply to 
the more regular artificial channels used in irrigation for which there 
are fewer available data. 

In the experiments referred to, the current-meter readings were care- 
fully taken at from 12 to 20 points horizontally across the canal section, 
from four to six readings being made at each point. These detail or 
multiple-point observations were plotted, and the mean velocity at the 
different points observed was determined from the vertical velocity 
curves drawn through the plotted observations. The points across the 
canal at which observations were made are referred to in the following 
discussion as the “‘verticals.”” The results secured by the multiple-point 
reading both in each vertical and for the discharge as a whole have been 
taken as the correct velocities and discharges in the comparisons made. 
In canals of the size used in most of these experiments determinations of 


1 Ganguillet, E., and Kutter, W. R. General Formula for the Uniform Flow of Water in Rivers and 
Other Channels; translated from the German, with ... additions ... by Rudolph Hering and J. C. 
Trautwine. ed. 2, 240p., pl. New York, 1893. 
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the discharge by other methods than by the use of the current meter would 
not have been practicable. Greater detail regarding the methods used 
and the experiments in general will be found in a recent publication,’ 
which discusses the results of the determinations of the value of n in 
Kutter’s formula. The field work was carried on by various members 
of the Division of Irrigation Investigations, as stated in the bulletin 
referred to. 


COMPARISONS OF DIFFERENT METHODS OF MEASUREMENT OF 
VELOCITIES IN THE VERTICALS 


There are four principal methods by which the velocities in different 
verticals are determined with the current meter: The multiple-point 
method; the mean of the velocities at the 0.2- and o.8-depth points, 
called the ‘two-point method”; the velocity at 0.6 depth, called the 
“single-point method”; and the vertical-integration method. 

As the main purpose of these experiments was the determination of 
the value of n, it was desired to make the discharge determinations with 
as great accuracy as possible. The multiple-point method was used, 
readings being taken usually at six points in each vertical. This was 
assumed to give the correct discharge and is the discharge used as the 
basis of the following comparisons. 

The multiple-point readings were usually taken at 0.1, &2, 0.4, 0.6, 
0.8, and o.9 of the depth. The meter was held from 30 to 60 seconds 
at each point. From these measurements the discharge by the two- 
point or the single-point method was computed and compared with the 
results of the multiple-point method. 

When the field measurements were made, in most of the experiments 
gagings were also made by the vertical-integration method. Generally 
one or two complete round trips were made with the meter at each ver- 
tical, the vertical movement being from 3 to 16 feet per minute. Much 
care was used to give the meter a uniform vertical velocity so that each 
portion of the section would be equally represented in the integrated 
mean. Two complete round trips were usually made, consuming from 
40 to 150 seconds, depending on the depth. The meter was generally 
moved more slowly in the shallower sections in order to give a sufficiently 
long time for the reading. 

In Table I are given the general results for all experiments. These 
are divided in five different classes of canal sections, although there is 
no marked variation for the different groups. These include nearly 100 
experiments for the two-point and the single-point methods on canals 
having discharges of from 2 to 2,600 second-feet. Only 55 experiments 





1 Scobey, F.C. The flow of water in irrigation channels. U.S. Dept. Agr. Bul. 194, 68 p., 9 fig., 20 pl. 
tors. See also Scobey, F.C. Behavior of cup current meters under conditions not covered by standard 
ratings. Jn Jour. Agr. Research, v. 2, no. 2, p. 77-83. 1914. 





Nov. 8, 1915 Use of Current Meters in Irrigation Canals 219 





with integration methods are shown, as measurements by this method 
were not taken in all cases. 


TABLE I.—Variation in discharge in percentage by the two-point, the single-point, and 
the integration method, compared with the multiple-point method 





Two-point method. Single-point method. Integration method. 
| 








Aver- | 
age | 
varia- 

Mean tion Mean 
Num- i . differ- of a Num-| differ- 
ber e . ence single | ber ence 
of ob- ? from | obser- | of ob- from 
serva-| mul- : mul- | vation.|serva-| mul- 
tions.| ti tiple- | 5 per | tions. tiple- 

| 


Aver- 
age 
varia- 
tion 
of a 
single 
obser- 
vation. 


Type of canal cross section. 


point. cent point. 
correc- 
tion ap- 

plied. | 














Rectangular flumes.... 
Concrete-lined trape- 
zoidal sections. ...... 
Shallow earth canals, 
sloping sides......... 
Shallow earth canals, 
steep sides........... 
Earth canals, relatively 
deep sections... .... 











} 





Mean of all...... i+ .73 
| 





Table I shows all three methods to give an average discharge greater 
than the multiple-point gaging. For the two-point and integration 
methods this is not large, being about three-fourths of 1 per cent for both 
of these methods. For the single-point method the average error is 
+4.80 per cent. This is large enough to warrant a correction factor, so 
that all further comparisons with this method are based on a correctiou 
of — 5 per cent made to the discharge secured by the single-point method. 

Besides the average error of the series of experiments, the probable 
or average variation of a single observation is also given. While the 
mean difference of the two-point and integration from the multiple-point 
method is the same, the single measurements show a somewhat greater 
average variation for the integration than for the two-point method. 
If the results of the single-point observations are reduced by 5 per cent, 
the corrected results have an average variation but little in excess of the 
other methods. These results may be expressed by saying that with the 
two-point method a series of observations will give results three-fourths 
of 1 per cent too high. If no correction is made to the results, single 
observations will have an average error of 1.5 per cent. 

The experiments covered a wide range of discharges and canal types, 
so that further classifications were made to determine the effect, if any, 
of differences in the velocity, the depth, or the value of n on the accuracy 
of the different methods. The results are given in Table II. 
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TaBLEe II.—Comparisons of variations in percentage of discharge by two-point, single- 
point, and integration methods from discharge by multiple-point methods for different 
velocities, depths, and values of n 


COMPARISONS FOR DIFFERENT VELOCITIES 
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The two-point method appears to give results equally accurate for all 
velocities, depths, and values of n, the variations which occur not being 
seemingly dependent on any of these three factors. The probable error 
of a single observation is generally less for the large velocities and 
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depths, which is also true of the other methods. ‘This is to be expected, 
as the smaller velocitiés and depths usually occurred in canals of small 
discharge, where the general conditions for the use of the current meter 
are not so favorable. The accuracy does not appear to be affected by 
the character of the channel or value of n. 

There is some indication that the correction to be used with the single- 
point method should be greater than 5 per cent for low velocities and 
less for the higher ones. This tendency is not marked, however, and it 
is doubtful if it is sufficient in amount or that it is sufficiently proved 
by these results to warrant the use of different corrections; also the 
correction seems to vary with the depth in a similar way. 

The integration method seems to give the closest average results for 
velocities from 2 to 3 feet. It also appears to be more accurate for the 
greater depths. This latter result is to be expected. In the use of the 
integration method the velocity in from 0.2 to 0.3 foot in depth must 
be either missed entirely or imperfectly determined both at the bottom 
and at the water surface. The velocity at the bottom is lower than 
the average. Therefore the measurements in the remaining portions of 
the depth would give results above the actual average velocity. As the 
proportion of the depth for which velocities are undetermined is larger 
in the shallow canals, the proportionate error would be greater. 

Another method sometimes used is that known as the three-point 
method, in which the velocity is measured at 0.2, 0.6, and 0.8 of the 
depth. This is more usually computed by giving the velocity at 0.6 
depth equal weight with the mean of the 0.2 and 0.8 depth velocities. 
As Table I shows the single-point method to be less accurate than the 
two-point, there is no apparent advantage in the three-point method 
over the two-point. In sections where the two-point method gave 
results too low and the single-point too high, their combination might 
increase the accuracy over that secured by the two-point method alone. 
Where both were of the same sign, the use of the three-point method 
would give less accurate results than the two-point alone. The two- 
point and single-point methods gave results having opposing signs on 
less than one-third of the total number of experiments, so that the three- 
point would seem to have little advantage over the two-point method. 

To definitely determine the relative accuracy of the three-point 
method, the discharge of each experiment was computed, using both 
the method by which the velocity at 0.6 depth is averaged with the mean 
of the velocities at the o.2 and 0.8 depths, and also the method by which 
the velocities at the three points are given equal weight. This latter 
method would seem to be the more logical, as it has been shown that the 
two-point, or o.2 and 0.8 depth method, gives results more accurate than 
the 0.6 point alone, so that in the use of the three points it would be 
preferable to reduce the weight given to the velocity at 0.6 depth. 
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The results of this comparison are given in Table III, which shows that 
the second method of computation gives the more accurate results. In 
no class of canal section does either three-point method give as accurate 
average results as the 0.2 and 0.8 depth method alone. In the individual 
0.2+0.8+ 2 X0.6 

4 
method gave more accurate results than the 0.2 and o.8 depth alone. 


.2+0. .6 
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more accurate than the 0.2 and 0.8 depth alone. These were for gagings 
in which the errors of the 0.2 and 0.8 depth method were of different 
sign from those of the 0.6 method, so that their combination reduced the 
actual error. These cases were generally for canals of irregular section 
and flow, and indicate that for unfavorable conditions of current-meter 
work the three-point method may be preferable to the two-point, but 
that for usual conditions the two-point alone is preferable. However, 
under unfavorable conditions of irregular velocity and cross section only 
detail multiple-point observations can be depended upon for accurate 
results. The ne ost 2 method is always preferable for computation 
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TABLE III.—Variation in discharge in percentage by the three-point method compared 
with the multiple-point method 
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MEASUREMENTS WITH SURFACE FLOATS 


In many experiments measurements with surface floats were made in 
order to secure data from which the proper coefficients for use with such 
measurements could be derived. It is often convenient to make such 
approximate measurements by timing floats over a known length of 
canal and applying some coefficient to the product of the velocity so 
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secured and the cross section of the canal in order to give the discharge. 
In such measurements there are two principal sources of error: (1) The 
cross-sectional area is difficult to obtain except in flumes or lined canals 
of uniform cross sections and (2) mistakes may be made in choosing a 
coefficient to be used in reducing the maximum surface velocities as 
obtained from the floats to the mean for the whole canal. 

The following results relate to the proper coefficient to be used to 
reduce surface-float velocities to the mean velocity for the whole cross 
section. The average errors discussed are those arising from the de- 
terminations of float velocities and the choice of coefficients and do not 
include errors in determining the canal cross sections. For the other pur- 
poses of these experiments the areas of the canal sections were carefully 
determined. In the usual field use of float methods there may be a con- 
siderable error introduced due to errors in the approximate determinations 
of canal cross sections of variable dimensions, which would give larger 
probable errors for the discharge than would result from the probable 
error due to the choice of the coefficient to use with the velocity of the 
float alone. 

Various formulas have been derived for the relation of the surface 
velocity to the mean velocity. These have been derived both for the 
relation of the surface velocity to the mean velocity in any single vertical 
in the section and for the relation of the maximum surface velocity to 
the mean velocity of the whole channel. Ganguillet and Kutter! give 
a formula, deduced by Bazin, in which the ratio of the maximum to 
mean velocities in a channel are made to vary with 


Ve 
12 


As this term is equal to the C in Chezy’s formula, a table is given for 
the value of the ratio for different values of C. In this formula Kutter 
substitutes the values of n and R from his general formula and gives a 
table for the values of the ratio of mean to maximum velocity, depending 
on R and n. The formula derived by Bazin, which forms the basis of 
this table, was based on 61 series of gagings. 

In the canal experiments discussed in this paper in which float measure- 
ments were made several small floats would be started simultaneously 
at scattered points in the portion of the channel having the highest 
velocities. The time of the most rapid float was used to compute the 
maximum surface velocity. This gives lower coefficients than would be 
obtained by the use of the average of all floats. Small floats such as 
twigs or chips were used which would have both a small submergence 
and a small exposed surface above the water. It was found that there 
was little difference in the velocities of the floats thrown into the main 
threads of the canals unless some became caught in noticeable side 





1 Ganguillet, E., and Kutter, W. R. Op. cit. 
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eddies. The floats were generally timed over the 500 to 1,000 feet of 
canal used in the value-of-n experiment. 

The value of the coefficient for each experiment was compared with 
the coefficient given in Kutter’s table for the same value of R and n. 
For all measurements the coefficients differed by an average of 0.06. 
The mean of all observations was 0.013 lower than Kutter’s. This is not 
an unreasonable variation when it is remembered that at best the method 
is only an approximate one. 

The selection of the coefficient based on the value of R and n is not, 
however, a convenient one for field use. The determination of the canal 
cross section, except for flumes and lined sections, will be approximate 
and the determination of the value of R even more uncertain. A varia- 
tion of the coefficient with the water area would be the most convenient 
for field use. A field measurement involves the determination of the 
mean cross section of the canal and the velocity of the float. If 
the selection of the proper coefficient is based on the cross section and 
an estimated value of n no additional measurements or computations 
are required in order to select the proper coefficients. The experiments 
give evidence that the coefficient varies with the character of the wetted 
surface, so that some knowledge of the value of n is required. 

In order to determine the value of the coefficients for different condi- 
tions, the results of each measurement were plotted with the value of the 
coefficient and the cross-section area as coordinates. A series of curves 
for the different values of n were fitted to these plotted observations and 
adjusted until they gave results equaling, on the average, the results of 
the actual field determinations. From these curves the values of the 
coefficients given in Table IV were secured. No attempt was made to 
derive an equation for the variation in the value of the coefficient, 
graphical methods being used throughout. 


TABLE IV.—Coefficients to be applied to velocities of floats to obtain mean velocity in 
canals 
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From these experiments it appears that the coefficient is constant for 
different values of n for cross-section areas over about 35 square feet. 
The rate of variation of the coefficient is greatest for the smaller chan- 
nels. The observations for cross-sectional areas over 100 square feet 
were too few in number to give dependable averages for canals of larger 
size, but both these results and Bazin’s formula indicate that the coeffi- 
cient is practically constant for such larger cross sections. 

Similar curves were also obtained based on the value of the coefficient 
and the discharges. These were similar in form and indicate that the 
velocity within the limits of the experiments did not materially affect 
the ratio of maximum surface to mean velocity. These values are not 
given, as the coefficients based on canal areas are more convenient to use. 

The results were further classified by the shape of the channel. Ap- 
parently the coefficient does not vary with the form of cross section, as 
the coefficient from the curves agrees fairly well with the observations 
when the proper values of n are used, whether the canal is rectangular 
or irregular or whether the section is deep or shallow relative to its width, 

The average variation of the observed coefficients from the curves was 
0.045. The average of all observations agreed with the curves, the plus 
variations equaling those of minus sign. Expressed as a percentage, the 
average variation was 6. For any single observation the observed value 
of the velocity coefficient is as likely to differ from the mean curve by 
less than 0.045 as it is to differ by more than this amount. For the 
average values of the coefficient this amounts to a variation of 6 per 
cent. In 17 of the 92 experiments, or 18.5 per cent of the total number, 
the observed value differed by over 1o per cent from the curves. 

The more usual practice where such methods of measurements of 
velocities by floats are made is to use some general value of the coefficient, 
usually 0.80 or 0.85. These experiments, as well as the observations 
given by Kutter, clearly indicate that the coefficient varies quite ma- 
terially for different-sized canals and for different values of n. These 
results give values for the coefficients which are less than o.8o for all 
values of n over 0.016, becoming as low as 0.60 for small canals having 
high values of n. 

The value of n for any given canal is, of course, uncertain to some 
extent. The coefficient varies most rapidly with the lower values of n. 
An error of 0.002 in selecting the value of n makes a difference of 5 per 
cent in the value of the correct coefficient to be used for low values of n, 
and less than 2 per cent for the higher values. 

The coefficients to be used should be selected from the cross-section 
area and the value of n. The character of the canals corresponding to 
the different values of » given in Table IV can be secured from the 
general list following: 
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Values of n 


. Straight wood flume in good condition; clean concrete lining having very 
smooth finish; no moss or gravel. 

. Ordinary straight wood flumes, little rock or sand; unplastered concrete lining; 
no moss or gravel. 

. Worn wood flumes containing growths or sand and gravel; average concrete 
linings, irregular finish, moss growths or gravels; best earth canals, uniform 
silted and clean sections. 

. Very poor wood flumes; rough concrete with covering of moss or gravel; very 
good earth canals; uniform section, silted, free from gravel and moss. 

. Concrete in poor condition, much moss and gravel; better than average earth 
sections without growths and fairly regular sections. 

. Earth sections, generally free from moss or gravel. 

. Average earth canals, fairly clean and regular, some gravel and vegetation. 

. Earth canal; gravel and some cobbles, some moss, irregularities in cross section; 
masonry-lined canals. 

. Canals with some cobbles; moss and other unfavorable conditions. 

. Earth canals, much moss or weeds, irregular section, gravel or cobbles; fairly 

smooth rock cuts. 

It is preferable to make float measurements on straight portions of 
canals. If it is necessary to use a length containing curves, a coefficient 
should be selected for a value of n about 0.002 higher than would other- 
wise be used. 

These experiments give data both on the most probable coefficients 
to be used in float measurements and also on the limitations of accuracy 
to be expected. Such measurements are often desirable for quick 
approximate determinations. The most rapid of several floats should 
be used and the proper coefficient selected to fit the conditions. The 
error from the float determinations should not often exceed 10 per cent, 
although error in estimating the cross-sectional area may result in much 
larger errors in the resulting discharge for earth canals. In flumes or 
section of regular forms the error in determining the water area should 
not be large. 


EFFECT ON ACCURACY OF CURRENT-METER GAGINGS FROM THE USE 
OF DIFFERENT NUMBERS OF OBSERVATIONS ACROSS THE WIDTH 
OF CANALS 


The number of verticals across a gaging station at which velocity 
measurements should be made is a question on which there has been 
much difference of opinion. 

In the sections of irrigation canals at which current-meter gagings are 
generally made, the cross section is more regular than in the usual stream 
gaging station, so that usually fewer measurements should be required. 
In the experiments discussed, measurements were made in from 13 to 20 
verticals with a minimum distance apart of the verticals of 0.5 foot on 
the smaller canals. These measurements are more than are usual in 
general field practice. The results obtained were compared with the 
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discharge which would have been obtained had a less number of verticals 
been measured. The different types of canal sections were grouped 
into general classes. For each gaging, discharges using only every 
other vertical measured were computed and also using only every fourth 
vertical. Two computations of each gaging using the two sets of alternate 
verticals were made, and also two sets for every fourth vertical. These 
results were then compared with the discharge obtained by the use of 
all the verticals measured, in order to determine the probable errors to be 
expected when fewer verticals were used. The average number of 
verticals observed in the experiments was 16; the number in the com- 
parisons averages 8 and 4. In general field current-meter work, if only 
8 or 4 verticals had been measured, the ones used might have been located 
in the cross section differently from the arbitrary method used in this 
computation, so that the selection of alternate verticals as used should 
give errors larger rather than smaller than are to be expected. The 
results of this comparison are given in Table V. 


Taste V.—Effect on the accuracy of current-meter gagings of varying numbers of verticals 
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Table V gives both the average difference in percentage and the range 
of variations in single gagings. Occasionally the use of a less number of 
verticals may give a greater discharge than that obtained from a more 
detailed gaging, owing to irregularities in the cross section or velocity. 
Where an average of 4 verticals were used, less than 2 per cent of the 
observations gave larger discharges than the use of all verticals, so that 
the average difference is practically equal to the mean error. Where 8 
verticals were used for all observations, one in each seven measurements 
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gave results larger than the use of all verticals. Except for flumes with 
vertical sides, however, only 7 per cent of the results were larger. In 
vertical-sided flumes one-third of the results were larger, so that while all 
experiments on flumes gave an average variation of 0.9 per cent, the mean 
of all variations was —o.6 per cent. 

Table V indicates that in flumes or lined sections such as are usually 
used for canal-rating sections, the observation of velocities in from 12 to 
20 verticals will give an increased accuracy of about 1 per cent over the 
results obtained with from 6 to 10 verticals, and about 3 per cent greater 
than with from 3 to 5 verticals. Under the most favorable conditions 
where the rating curve will remain fixed, the measurement of from 12 to 
20 verticals, depending on the size of the section, may be warranted. 
Where the rating may be affected by channel changes during the season 
or under such conditions as are usually obtainable in the field, measure- 
ments based on from 6 to 10 verticals should represent good practice. 
The use of from 3 to 5 verticals will give results as closely as the rating 
curves derived can be applied to changing channel conditions in many 
cases and may be sufficiently close for some purposes. Using 8 verticals, 
only one-seventh of the results differed by more than 2 per cent; and 
using 4 verticals, only one-sixth differed by more than 5 per cent. 

In the more irregular earth sections larger variations were found. 
This is to be expected, as in these the velocity and depths both change 
more rapidly near the sides than in the case of flumes. The use of an 
average of 8 verticals in earth sections gives results of similar accuracy 
to those obtained with only one-half as many verticals in flumes and 
lined sections. The use of an average of only 4 verticals gives results 
with average differences of nearly 9 per cent, and the variations of single 
experiments are much greater. It would appear that to obtain equal 
accuracy in gagings in earth sections with those secured in flumes about 
twice as many verticals should be observed. The number used will 
depend on the accuracy desired and the size of the canal. Less than 
from 6 to 8 verticals can not be recommended, and probably 8 to 12 
would represent good practice. For more accurate work from 15 to 20 
may be used, although where great accuracy is desired the measurements 
should be made in regular rating sections. Using 8 verticals, only one- 
tenth of the experiments differed by more than 5 per cent; using 4 ver- 
ticals, one-third of the results differed by over 10 per cent. 

A comparison of these results with those given for the different methods 
of observation of the velocity in the verticals can be made to determine 
the relative advantages of using either more verticals or taking more 
points in each vertical. The use of the 0.2- and 0.8-point method gave 
results averaging 0.7 per cent too high. The use of an average of 8 
verticals in flumes and lined sections gave an average of 0.6 per cent too 
small. The use of 8 verticals obtained with the 0.2 and 0.8 method 
would tend to balance these errors, and in many cases might give as 
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accurate results as the more detailed observations. The use of the 
0.6-point method gave results averaging 4.8 per cent too high, and the 
use of from 3 to 5 verticals in flumes and lined sections gives an average 
of 3 per cent too small. Apparently where few verticals are to be 
observed, the use of the 0.6-point method may be preferable, as the 
errors will tend to balance. This may be expressed by saying that about 
the same relative detail should be used in measuring the velocities in the 
verticals that is used in the number of verticals observed. 

The results are obtained by using the verticals taken in the detailed 
measurements and selecting every alternate or every fourth vertical and 
computing the discharge that would have been obtained had only these 
verticals been observed. It is possible that gagings where the lower 
numbers of verticals were to be observed could be made to give closer 
results by using some means for the selection of the location in the canal 
section at which the verticals should be taken. It has been previously 
shown that the use of velocity measurements at the 0.2- and 0.8-depth 
points will give very nearly the same results as measurements at 6 or 
more points in the vertical and that a single observation at 0.6 gives 
results within 5 per cent of being correct. 

If one or two points can be found in the vertical velocity curves the 
velocities.of which can be used to determine the average velocity of the 
whole vertical, it would seem probable that perhaps 2 verticals on the 
horizontal velocity curve could be found which could be used to give 
the average velocity in the whole cross section. Such points, or index 
verticals, as they may be called, would be useful in the rougher meas- 
urements often needed in canal operation, and information as to the 
relative accuracy of such methods should be of value. 

Two such selected verticals may be used to determine the discharge 
in two ways. In one the velocities only might be used and the cross- 
section area more carefully determined, if not known from previous 
observation. In the other the observed verticals may be used to obtain 
not only the mean velocity but also the depths at these verticals, and 
the width of the section may be used to determine the cross-sectional 
area. 

The use of such index-vertical methods is, of course, most applicable 
to canal sections such as flumes which have practically uniform depths, 
as the error in determining the cross section is largely eliminated. 

The measurements were examined to see whether such index verticals 
could be found. The horizontal velocities and cross sections were 
plotted on a sufficiently large scale so that the velocity and depth at any 
point could be read from the curves. Such index verticals would be 
most easily used if their distance from the sides is some definite propor- 
tion of the water-surface width. Verticals located at different points 
were tried. The different types of canal cross sections are discussed 
separately. The general results are given in Table VI. 
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TaBLE VI.—Discharge and velocity of various types of canals by measurements of two 
selected verticals 





| Difference from correct discharge (per cent). 





Number ae 
Observations. of obser- | Average Average Extent of variations, 
vations. variation |__ 
* | error of ofa sinele 
all obser- 


4 observa- 
vations. ton. 


Minus. 





Total discharge in flumes with vertical 
sides: 
For points one-fifth from sides 
For points one-sixth from sides. .. . .! 
Velocities only: 
Concrete-lined canal, steep side 
slopes— 
For points one-fifth from sides. 
For points one-fourth from sides 
Concrete-lined canals, wide and 
flatly sloping sides— 
For points one-fifth from sides. 
For points one-fourth from sides 
Average earth canals, sloping 
sides— 
For points one-fifth from sides. 
For points one-fourth from sides 
Average earth canals, steep sides— 
For points one-fifth from sides. 
For pointsone-fourth from sides. 
Earth canals, relatively deep sec- 
tions 
For points one-fifth from sides. 
For points one-fourth from sides 

















Total discharges, points one-fifth from 
sides: 
Average earth canals, sloping sides. . ; 5. 
Average earth canals, steep sides. .. , , +14. 
Earth canals, relatively deep .0 | : +14. 











For vertical-sided flumes 22 gagings were available. The depths 
varied from 0.7 to 4.4 feet, the widths from 2 to 17.7 feet, and the dis- 
charges from 2 to 400 second-feet. The velocities and depths at points 
at a distance of one-fifth and one-sixth of the width from the sides were 
used to obtain discharges which were then compared with those ob- 
tained by the complete gaging. In such flumes with vertical sides the 
depths are practically uniform, and the use of the depth at only two points 
would cause little error in the resulting area. These results show that 
the two points whose mean velocities will equal that of the whole cross 
section lie generally between one-sixth and one-fifth of the width from 
the sides and that the error in using such index velocities at either pro- 
‘portion of the width averages about 2 per cent and does not exceed 5 
per cent, except in a few cases. 

For concrete-lined canals the canal section is uniform, and the cross- 
sectional area would be known for any depth. In such canals the dis- 
charge can be obtained from determinations of velocity and known areas 
for given depths. The comparisons given in Table VI are based on 
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velocity alone. The lined sections were subdivided into two classes: 
Those with relatively steep sides and those following the flatter slopes 
more usual to earth canals. There is no marked difference in the results 
of the two types. These measurements indicate, as was to be expected, 
that the points of mean velocity are farther from the water edges in 
sections with sloping sides than in the vertical-sided flumes and occur 
between one-fifth and one-fourth of the width of the water surface from 
the edges. The average and maximum errors are not large. 

For earth canals results are given for both velocities and for total dis- 
charges. The results for such sections are more variable. The velocity 
at from one-fifth to one-fourth of the width from the edges will average 
to give results close to the actual velocity for the whole section, but indi- 
vidual gagings may vary from the mean by over 15 per cent. The 
results for the total discharge are more consistent than those for velocity 
alone. The error in the cross-sectional area, due to using the two measure- 
ments of depth to give the mean depths, tends to balance some of the 
errors in velocity. For all measurements the determination of the 
depth and velocity at points one-fifth of the width of the water surface 
from the sides gives average results from 1 to 3 per cent too high. Any 
single gaging will average to give errors of 5 to 7, and they may be as 
high as 15 per cent. 

These results indicate that under favorable conditions two index 
verticals can be found in canals, the velocity at which will agree with 
the average for the whole cross section. These points are from one-fifth 
to one-sixth of the width of the canal from the sides in sections with 
vertical sides and from one-fourth to one-fifth for other types. In sec- 
tions with vertical sides, such as flumes, and in earth sections the depths 
at these index verticals will also be quite close to the average depth in 
the whole section, so that the index points can be used also to determine 
the total discharge. In definite sections with sloping sides, such as con- 
crete-lined canals, it is preferable to use known relations of depth and 
area and use the index points for the determination of velocities only. 

Such short-cut methods would not generally be desirable at permanent 
rating stations. They might be useful for approximate measurements 
where time was an important factor, or as checks on the division of water 
in canal at large turnouts. Such gagings could be made of the canal 
above and below, and also of the turnout. Where other means of meas- 
uring or controlling the device are not available, such rapid methods 
might be of value. 

SUMMARY 


Comparisons of various methods of current-meter gaging of irrigation 
canals are made with measurements in which the velocities at from 70 
to 120 points were taken. Canals of various types of cross section having 
discharges of from 2 to 2,600 second-feet and velocities of from 0.5 to 
8.0 feet per second were included. 
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In 96 measurements the 0.2- and o.8-depth, or two-point, method gave 
results averaging 0.73 per cent too high, and the o.6-depth, or single- 
point, method gave results 4.80 per cent too high. The average variation 
for a single measurement was 1.5 per cent for the two-point method. 
If the results for the single-point method are corrected by —5 per cent, 
the average variation of a single observation is 2.5 per cent. 

In 55 measurements the vertical integration method gave results 
averaging 0.76 per cent too high, and an average variation for a single 
observation of 2.07 percent. The use of three-point methods gave errors 
greater than the two-point method alone. 

There were no marked variations of the accuracy of any of these three 
methods due to difference in velocity, depth, or value of » in Kutter’s 
formula. 

In 92 measurements to determine the coefficient to be used to reduce 
the maximum surface velocity as measured by small floats to the mean 
for the entire cross section, the coefficient was found to vary with the 
value of n in Kutter’s formula and the size of the canal. For water 
cross sections of over about 35 square feet the coefficient remains con- 
stant for any given value of ». A table is given for the coefficients for 
the range of conditions covered by the measurements. The coefficient 
varies from 0.60 to 0.91 for different conditions. The average variation 
of the coefficient for a single observation from the mean values was about 
6 per cent, and in one-fifth of the observations exceeded ro per cent. 

In 89 experiments on the use of observations of varying numbers of 
verticals across the width of canals, it appears that in uniform cross 
sections, such as flumes or lined canals, observations.in 8 verticals give 
an average within 1 per cent and in 4 verticals within 3 per cent of the 
discharge obtained with 16 verticals. In earth canals observations in 8 
verticals give an average within 3 per cent and 4 verticals within about 
9 per cent. For equivalent accuracy about twice as many verticals 
should be observed in ordinary earth sections as in uniform lined sections, 

It was found that the use of only 2 verticals located from one-fifth to 
one-sixth of the width of the water surface from the sides of the section 
in canals with vertical sides such as flumes, gave results within an average 
of 2.5 per cent. In concrete-lined sections with sloping sides similar 
results were obtained where the velocities were measured at from one- 
fifth to one-fourth of the width from the sides, and the areas were secured 
from the known cross sections. 

In earth canals 2 points from one-fifth to one-fourth of the width of 
the water surface from the sides give velocities varying from the mean 
of the whole cross section by about 6 per cent. Where the depths at 
these two points are used to give the average depth, the total discharge 
is determined with an average error of about 6 per cent. Errors in 
individual experiments were much higher. 








RELATION OF SULPHUR COMPOUNDS TO PLANT 
NUTRITION 


By E. B. Hart, Chemist, and W. E. TortincHam, Assistant Chemist, Department of 
Agricultural Chemistry, University of Wisconsin 


INTRODUCTION 


The four elements, nitrogen, phosphorus, potassium, and calcium, still 
play the most important réle in soil treatment. Fora number of years, 
however, other materials which stimulate growth in vegetation have been 
studied by chemists and agronomists. 

The so-called catalytic fertilizers, such as the salts of manganese, have 
often been shown to increase plant growth. In addition, studies have 
been made of radium, lithium, sodium, arsenic, barium, copper, and some 
other elements. While these may stimulate plant growth, their appli- 
cation is not at present regarded as of economic importance. These ele- 
ments are either not at all necessary for the plant’s cycle of growth or, 
so far as we know, are abundantly supplied in all ordinary soils. 

In the case of sulphur the relation appears to be somewhat different. 
It was pointed out in 1911 by Hart and Peterson (5)! that the total sul- 
phur content of the soils examined was low, being approximately equal 
to the phosphorus content. This work has been confirmed by Shedd (12) 
for Kentucky soils and by Robinson (11) for the important soil types of 
the United States. It was further shown by Hart and Peterson (5) that 
the sulphur content of our common farm crops was considerable, cereal 
grains containing about half as much sulphur as phosphorus and legume 
hays sometimes more sulphur than phosphorus, while the Cruciferae, 
such as cabbage, turnips, etc., may contain two to three times as much 
sulphur as phosphorus. 

It has been urged by Hopkins (6) that the high sulphur content of 
plants does not represent their needs, but merely shows the superabun- 
dance of sulphates in the soil water, with an extraordinary consumption 
by the plant. This may apply to the stem and roots of plants, but not 
to the seed. The seeds maintain a fairly constant composition and, as 
shown by Peterson (9), either contain but traces of sulphates, or more 
probably none at all. The criticism, then, that a high sulphur content 
of a plant merely represents a large soil supply can not possibly hold for 
seeds. It is true that the sulphate sulphur and probably other forms of 
sulphur in the stems and roots of plants will vary with the soil supply. 
In these plant parts sulphates may be present where the soil supply is 
plentiful. The same statement, however, is equally true of phosphates. 





1 Reference is made by number to “ Literature cited,’’ p. 249. 
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Minimum requirements for maximum plant development have never 
been established for any of the essential elements. In addition, the de- 
mands for sulphur will be related to the character of the plant compounds 
elaborated by the different species of plants, even in the leafy portion. 
A cabbage crop that absorbs 100 pounds per acre of sulphur trioxid 
makes use of this material in a different way from a potato crop which 
absorbs but 11 pounds of sulphur trioxid. In the cabbage, sulphur com- 
pounds characteristic of the species are formed in abundance, thus 
creating a demand for a large sulphur supply. Alfalfa hay, constructed 
abundantly of protein compounds even in the stem and leaf, will demand 
and contain more sulphur than the low-nitrogen-containing residual 
straws of cereals. In either of the above cases used for illustration— 
namely, cabbage and alfalfa—it has been found that 30 to 50 per cent of 
the total sulphur may he present as sulphate sulphur. Nevertheless, 
this makes the total organic sulphur in an acre’s growth of these crops 
very considerable—about 30 and 50 pounds of sulphur trioxid, respec- 
tively. In this connection let us again mention the fact that the annual 
rainfall will carry to an acre not more,than 17 to 20 pounds of sulphur 
trioxid, while the loss by drainage may equal and even exceed this quan- 
tity. While we have no knowledge as to whether the excess of sulphates 
absorbed by the plant is of physiological importance, it is, nevertheless, 
clear that a supply of sulphur in this form in the plant indicates that the 
plant has not been limited in the elaboration of organic compounds for 
which sulphur is necessary. In fact, we suggest that information as to 
whether sulphur is a limiting factor for plant growth in any soil may 
probably be obtained by testing for the presence of sulphates in the 
plants grown on that soil. Their presence would indicate that there 
was a sufficient supply for all constructive purposes in which sulphur is 
involved. 

From the facts presented on crop demand and soil supply we seem 
perfectly justified in including sulphur with nitrogen and phosphorus 
in the first group of essential elements which are limited in quantity 
in our common soils and in constant and relatively large demand by 
crops. On the same basis, potassium, calcium, and magnesium fall into 
a second group, while iron, constituting the third group, represents 
an element usually in abundance in soils and utilized in but small 
quantities by farm crops. Consequently, on the basis of total analysis 
and mathematics, sulphur should be of equal importance with phos- 
phorus. Here, however, is where very probably total analysis and 
mathematics will not find complete justification for their use as the 
sole instruments in measuring permanent soil production. In collabora- 
tion with Prof. Fred (3), the senior author has pointed out the very great 
difference in the effect of phosphates and sulphates on important bio- 
chemical processes in the soil. In these studies it has been shown 
that soluble phosphates increase enormously the number of soil organ- 
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isms and the rate of ammonification and destruction of organic matter, 
while the sulphates activate but slightly in these directions. The 
processes mentioned are admitted to be of great importance to the 
plant’s nutrition and environment, involving, as they must, not only a 
more rapid formation of readily soluble compounds of nitrogen and a 
possible destruction of harmful organic materials, but a greater satura- 
tion of the soil moisture with carbon dioxid, resulting in increased 
solution of mineral materials necessary for rapid growth. 

While from the application of analytical chemistry and mathematics 
we should be led to give equal importance to phosphorus and sulphur 
in plant production, from their relation to important soil biochemical 
processes we must certainly ascribe to phosphorus the more important 
role. It has been demonstrated beyond question in certain phases of 
fermentology that cellular and enzymic activities are markedly increased 
by the presence of soluble phosphates. Harden and Young (4) have 
shown that the activation of the yeast cell or its zymase is greatly 
accelerated by the presence of a substances, and we now know 
that such activation by phosphate@™S not confined to the yeast plant 
but may also extend to the soil flora. 

Consequently, in the case of phosphorus we have at least two factors 
operating to make it. important in the soils—supply and physiological 
action; while in the case of sulphur the more important rdle will be 
merely as a source of supply. This, however, may not always be its 
only function, as will be shown later, where in the case of red clover 
it appears to have rather specific effects on root development; but 
besides such specific effects it appears at present that sulphur as sulphate 
in the soil serves essentially as the source of needed sulphur. It, there- 
fore, in our judgment becomes important to accumulate information 
as to which agricultural plants will be affected by an increased concentra- 
tion of sulphates in the soil water. 

For some time sulphur in its elemental form has been used in the control 
of certain plant diseases. Incidental to this work there has accumulated 
much contradictory evidence relating to its effect on the crop yield. 
Opinion has been freely expressed as to how it acts in the soil, but with 
little definite agreement. In France especially, investigations have 
been active on the use of elemental sulphur with a large number of 
different plants. Work has been done with turnips, beans, celery, 
lettuce, potatoes, onions, spinach, and other crops. Various results 
have been obtained, but generally increased yields have been reported. 

Boullanger and Dugardin (1) place elemental sulphur among the cata- 
lytic fertilizers and have reported very favorable results from its use. 
They are of the opinion that its action is on the soil flora, in some way 
stimulating the breaking down of organic matter and ammonia produc- 
tion, although their observations show that it has quite a retarding 
action on nitrification. They further made the interesting observation 
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that in sterilized soil the addition of elemental sulphur had no effect in 
increasing plant growth, confirming their idea that elemental sulphur 
acted through some influence on the soil flora. Demolon (2) believes 
that sulphur not only acts by stimulating the soil flora but, in addition, 
acts as a source of needed sulphur after it has been oxidized in the soil. 
He showed conclusively that flowers of sulphur would gradually oxidize 
to sulphates in the soil, a statement which we have confirmed and which 
likewise has been shown by Lint (8) to be true. The fact that elemental 
sulphur is oxidized in the soil probably has direct bearing on the necessity 
for the use or presence of adequate quantities of lime or other basic 
material in a soil receiving this treatment. This may not apply to 
all crops, but might properly explain the results secured by Wheeler, 
Hartwell, and Moore (16), who showed that there was injury to cereals 
following the application of elemental sulphur for the prevention of 
potato scab, unless a considerable quantity of lime had been used in the 
soil. From the South Oregon Experiment Station, Reimer (10) reported 
large increases in the yield of alif™fa by the direct use of elemental 
sulphur. Whether these experimefits were conducted on soils of high 
basicity has not been reported. 

The possibility of injury to the crop by partial oxidation of the ele- 
mental sulphur to sulphite must always be kept in mind. Thalau (15) 
has shown that sulphites of ammonium and calcium are toxic to plants 
in dilute solution, but probably are not so toxic in the soil itself. The 
fate of the elemental sulphur introduced into a soil will ultimately be 
its oxidation to a sulphate, but the formation of intermediate compounds 
and their toxic effect may account for the contradictory results that 
have been recorded from its use. For example, Janicaud, Hiltner, and 
Gronover (7) report deleterious effects with tomatoes from the use of 
elemental sulphur, and some of the results of Sherbakoff (14) in the 
treatment of potatoes for scab are of a similar order. Consequently, 
the attempted introduction of elemental sulphur as a source of sulphur 
in plant nutrition should, in our judgment, be viewed with caution. 

The basis for this statement will be amplified in the following report 
of experimental work. After this manuscript had been prepared, the 
work of Shedd (13), of the Kentucky Agricultural Experiment Station, 
was made public. In this work use was made of a number of sulphates 
and sulphids, and of elemental sulphur. Good results from the use of 
a number of these materials are reported. Elemental sulphur and gyp- 
sum were helpful to tobacco, and elemental sulphur was materially 
beneficial to turnips on the soil investigated. Clover on this soil was 
not helped by sulphur-containing fertilizers, with the exception of a 
benefit from the use of potassium sulphate. Other plants, such as mus- 
tard, cabbage, and radish, showed increased growth with sulphur- 
containing materials. 

















Nov. 8, 1915 Relation of Sulphur Compounds to Plant Nutrition 237 





EXPERIMENTAL WORK 


Beginning in 1911, experiments have been conducted in the green- 
house to determine the influence of sulphates and sulphur on the growth 
of some common farm crops. Seven different crops representing three 
different orders have been included in the work up to the present time. 
They were distributed by orders as follows: Cruciferae—radish (Raphanus 
sativus), rape (Brassica napus); Gramineae—oats (Avena sativa); barley 
(Hordeum vulgare); Leguminosae—red clover (Trifolium pratense), bean 
(Phaseolus vulgaris), pea (Pisum sativum). It should be said of plants 
grown in this way that they sometimes do not develop so well as under 
field conditions. The lessened light of winter as compared with sum- 
mer, for example, retards growth, and in the early fall and late spring 
the day temperatures are likely to become excessive. Also, possibly 
owing to the protection from wind and the absence of insects, the plants 
rarely seed well. Despite these influences, however, our crops have 
grown well in most cases and in some cases have developed luxuriantly. 
It is true, moreover, that in all cases the effect of varying fertilizer 
treatments is reliable for comparison, since each crop, save the food 
supply, was grown under conditions as uniform as possible. 


METHOD OF INVESTIGATION 


The soil used in this work was the Miami silt loam which predomi- 
nates on the University Hill Farm. It was obtained by removing the 
surface vegetation and selecting the surface soil to a depth of about 4 
inches. This material was then sifted through a 14-inch screen and 
thoroughly mixed. There was practically no loss in the sifting, as 
hardly a stone was found and the sifted product was smooth and of 
excellent quality. 

A total analysis of the soil showed the following composition, based 
on the dry matter: Nitrogen (N), 0.15 per cent; phosphorus pentoxid 
(P,O,;), 0.14 per cent; sulphur trioxid (SO,), 0.04 per cent; calcium car- 
bonate (CaCO,), 0.33 per cent; humus, 1.38 per cent. 

The humus was determined by the official methods of analysis of the 
Association of Official Chemists.’ Fifteen kilos (33 pounds) of this soil 
were placed in rectangular cypress boxes 16 inches long, 14 inches wide, 
and 5 inches deep. Seven different fertilizer treatments were tried in 
duplicate boxes of the soil, as follows: 


Boxes Nos. 

1-2. Control (no fertilizer). 

3-4. Compiete fertilizer: Gm. 
‘Teicalenees nmeapnaee (CALPO Me) «scence ecceds vectcesccctcests 12.0 
WORMS CHEMIE TIRE) ie coc cibcin vied occideeeceassi ve tebdgee 45 
Seeienees SCION CINRINGIAD 4 ou a karn ids ds cnketis ctehe Wade camarlaiote 10. 0 





1 Wiley, H. W., et. al. Official and provisional methods of analysis, Association of Official Agricul- 
tural Chemists. U.S. Dept. Agr. Bur. Chem. Bul. 107 (rev.), 272 p., 13 fig. 1908. 













238 Journal of Agricultural Research Vol. V, No. 6 





Boxes Nos. Gm. 
5-6. Complete fertilizer+-sodium sulphate (Na,SO,)...........0eeeeee eee 12 
7-8. Complete fertilizer+-calcium sulphate (CaSQ,)....................5. 12 
Qnm0,: “GORI NRE TBO) ese sce kines eheesomtesaecacnatepe set oe 12 
SETA INU MARE A) oasis noid Ae oF Ase SOS Qe kideende’e devens 12 
SEE NE TN oS 8 ois vienc sc our e Pi Aad Sagem ces pRe Sate SHEE wR: 5 


All of these materials were mixed with the soil at the beginning of the 
experiments, except the sodium nitrate. This was applied in solution 
in three separate portions as the plants developed. Sulphur was not 
included in the treatment of the earlier experiments. These amounts 
of fertilizer are equivalent to the following applications per acre to the 
surface 8 inches of soil, assumed to weigh 2,000,000 pounds: Tricalcium 
phosphate, calcium sulphate, and sodium sulphate, 1,600 pounds each; 
potassium chlorid, 600 pounds; sodium nitrate, 1,330 pounds; and 
sulphur, 665 pounds. 

While these applications may appear excessive as compared with 
field applications, nevertheless it should be remembered that in these 
experiments there was a thorough and complete mixing with the entire 
soil mass. In some cases the soil was limed. For this purpose 10 gm. 
of calcium carbonate were added to each box in the set. This was at the 
rate of 1,330 pounds per acre of a depth of 8 inches. 

Except in the case of large seeds, such as beans and peas, the seeds 
were sown liberally in four rows across the boxes and thinned when well 
developed to 16 plants per box. The larger seeds were germinated on 
paraftined mosquito netting stretched over distilled water, and transplanted 
to the soil when well developed. The usual care was taken to support the 
taller crops and suppress development of fungi and insects, but the use of 
any sulphur-containing sprays was of course carefully avoided. 

When the crops were mature, they were harvested and weighed while 
fresh. They were then dried quickly in steam-heated trays at about 
50° C. and allowed to stand exposed to the air from two to three weeks 
to become air-dried, in which condition they were finally weighed. 

The final comparative weights will be presented in the following tables, 
in which the weights given are averages obtained from duplicate boxes. 
In some cases, as indicated, the seed has been separated from the straw 
and weighed separately. Owing to the difficulty in recovering the roots 
from the soil, they have been neglected in most cases, 


LEGUMINOSAE 


Beans (Phaseolus vulgaris).—The variety of beans grown was Davis 
White Wax. In crop A only 10 plants were grown per box. This 
crop followed two successive crops of clover on the same soil, the first 
crop of clover having been fertilized. Crop A was fertilized as usual, 
except that no sulphur was added to boxes 13 and 14. Crop B was not 
fertilized. Crop C was completely fertilized. Crop D was grown on a 























Nov. 8, 1915 Relation of Sulphur Compounds to Plant Nutrition 239 





different set of the same type of soil, but which had produced two crops 
of rape (both fertilized) and three crops of radishes, the last radish crop 
having been fertilized. The soils were limed for this crop. The yields 
of air-dried crops are given in/Table I. 


TABLE I.—Average weights (in grams) of air-dried bean crops 





Seed. Straw and pods. 















































. ) ; 
Aver- | Aver- 
Treatment. a | hod 
Crop | Crop | Crop | Crop ti Crop | Crop} Crop | Crop | 4: 
‘ Cc tive A B. c | tive 
. . * | yields . . * | yields 
of of 
crops. crops. 
as a ee ay i for a 
- Control........ Br PP ee ree Pere 6.4] 07 9-1 5-3 | 100 15-7 12.4 | 34-7 | 26.8 | 100 
2. Complete fertilizer eousitnae oe teecens 8.0] 5-7 | 13-8] 15-9 | 223— | 21-41 | 19-1 | 42-5 | 45-8 | 144 
3. Complete fertilizer + sodium sul- | 6.9] 3.4] 12-9 | 12-8] 185 18.8 | 20.1 | 46.8 | 43-3 144 
phate. 
4. Complete fertilizer + calcium sul- | 10.4 | 6.3 | 17-3 | 10.1 | 226— | 24.4 | 22.3 | 44-3 40.8 147 
phate. | | | 
5. Sodium sulphate only............. 7-t| 5-9 | 13-3] 6.6] 169 19-2 | 17-1] 31-7 | 26.0} 105 
6. Calcium sulphate only............. 6.6] 61), 11-7] 4-6] 149 14-8 | 20.2 | 31-8] 21-5 89 
Ci ROU gb crus cuhivecnancaned 3-0] 4&I 19] O99] 5I 17-9 | 203 | 25-3 | 19-3 | 92 





The relative yields of seed showed irregular results from the appli- 
cation of the sulphates. When added to the usual complete-fertilizer 
ration, sodium sulphate depressed growth, while calcium sulphate 
slightly favored it. When applied alone, both salts gave results decidedly 
better than the control untreated soils. In this case the soluble sodium 
sulphate gave better results than the comparatively insoluble calcium 
sulphate. It seems possible that the superior results from the sodium 
sulphate applied alone as compared with its effect when added to the 
complete-fertilizer treatment may have been due to an unfavorable 
excessive accumulation of soluble salts in the latter case which might 
not occur when it was added alone. 

The relative yields of straw from this crop showed no significant 
effects which might be due to the added sulphates. Sulphur alone was 
decidedly injurious to the beans. The effect is more noticeable in the 
case of the grain than with the straw. This might be expected to obtain, 
since the plants already weakened in general vitality would probably 
be depressed in the power of reproduction. This was more probably 
due to sulphites and other toxic oxidation products of the sulphur than 
to the sulphur itself. It could not be due merely to the acidity of the 
soil produced by oxidation of the sulphur, for it occurred with crop D, 
which was limed. 

CLOVER (Trifolium pratense).—The variety grown was Medium Red. 
Crop A was grown on fresh fertilized and limed soil. Crop B followed 
crop A on the same soil without fertilizer treatment, but with the addi- 
tion of fresh soil in boxes 13 and 14, to which calcium carbonate and 
elemental sulphur were applied. Crop C was grown on completely 
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renewed unlimed soil with the usual complete-fertilizer treatment. Crop 
D was grown on soil which had borne two successive fertilized crops of 
rape and two successive crops of turnips (Brassica napus), the last crop 
of turnips only receiving fertilizer. THis clover crop was limed and 
fertilized. All the crops were allowed to reach the late-blooming stage, 
but they failed to produce seed. The roots of crops B and C were 
separated as carefully as possible from the soil and weighed separately 
from the tops. The yields of air-dried matter are given in Table II. 





TABLE II.—Average weights (in grams) of air-dried clover crops 
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6. Calcium sulphate only............. 27-8 | 62.5 | 29.0 | 116.4 eee 92-9 | 33-0 }...... 188 
7. Sulphur only 
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In the yield of hay there was no doubt about a marked stimulating 
effect of both sulphates upon growth. Stimulation was equally evident 
when they were added to the complete-fertilizer treatment and when they 
were applied alone. In both cases the best results were produced by the 
less soluble calcium sulphate. Elemental sulphur had a very depressing 
effect. The average yield from this treatment was but little more than 
one-third the yield from the control, and in crop D the clover entirely 
failed to grow where elemental sulphur was applied. Plate XX, figure 1, 
illustrates the influence of sulphates on the growth of clover. 

Root development from the complete-fertilizer treatment was depressed 
somewhat when sodium sulphate was also applied, but was unaffected 
when the calcium sulphate was added. We are inclined to ascribe this 
difference to the depressing effect of the more concentrated soil solution 
where the soluble sulphate was applied. The effect of the sulphates 
applied alone was very striking. In Plate XXI is shown the remarkable 
difference of root development from the different fertilizer treatments. 
From our limited amount of data calcium sulphate appears to be some- 
what more active than sodium sulphate in producing this effect. In 
any case it appears that in this soil a sulphate has specific effects on 
the root development of this species. This may properly explain the 
oftentimes beneficial effects observed in the application of land plaster 
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to clover. While the form of the root system developed under the 
two treatments may not involve a larger feeding surface in the one case 
as compared with the other, yet it does seem very probable that the long 
root system developed where sulphate concentration was larger would 
favor that plant in times of limited water supply. The unavoidable 
conclusion from the results with red clover is that the reenforcement of 
the limited soil supplies of sulphur compounds by sulphates of sodium and 
calcium was decidedly beneficial to this crop. 

Peas (Pisum sativum).—The variety grown was Little Gem, a dwarf 
variety. Strong seedlings were transplanted to the soil six days after 
they were placed on the germinator. The soils had already produced 
two crops of clover and three of beans, the first crop of clover and the 
first and last crops of beans having been fertilized. Both clover crops 
had been limed. No elemental sulphur was added to box 13 and 14 for 
the first crops of beans. The data of the pea crop are given in Table III. 





TABLE III.—Average weights (in grams) of the air-dried pea crop 





Relative Relative 
Treatment. Seed. —- yields of yields of 
. seeds. straw. 





Saati a ia car rs ot hiv acas i nar arial gs al o. 18 4. 42 100 100 





2, 
OG, COMERS TePSEES Ce ic eces lees dace es .2I 3-99 117 go 
3. Complete fertilizer+-sodium sulphate... . 24 4. 12 133 93 
4. Complete fertilizer+calcium sulphate. ... -97 4. 54 539 103 
5. Sodium sulphate only.................... . 60 4. 41 333 100 
6. Calcium sulphate only..................% . 82 3. 84 456 87 
rE eee ees mre +03 2. 47 | 17 56 
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This crop did not grow vigorously, and the differences of yields have, 
therefore, less significance than with the preceding crops. However, the 
increased yields of seeds where sulphates were added is surely remark- 
able. This is especially true for the calcium sulphate, both when added 
to the complete fertilizer and when added alone. Both sulphates when 
applied alone gave remarkable increases over the control soils. Sulphur 
alone was much more toxic than was the case with the crops already 
described. The straw shows no very great differences of yields, except 
where sulphur alone was applied. Here the depressing effect was some- 
what less than in the case of the other leguminous crops. 

Probably the negative effect of fertilizers upon the growth of straw 
on this crop should be attributed to the fact that the soils had been ex- 
cessively cropped and fertilized. This would tend, on the one hand, to 
exhaust the control soil and, on the other hand, to render the fertilized 
soils too concentrated in soluble salts for good growth. Hence, the 
development was even poorer in some cases than the control. Appar- 
ently the sulphates especially favored the development of seed in this 
weakened crop. That such was not the case where sodium sulphate 
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was added to the complete fertilizer may have been due, as suggested 
for the previous crops, to a depressing effect of an excess of soluble salts. 
The favorable effects of calcium sulphate were most decided. 
Summarizing the results obtained with the leguminous plants, it may 
be stated that sulphates added to this soil were decidedly beneficial to 
the growth of the crops so far investigated. With the large-seeded bean 
and pea the effects are practically confined to the increased seed develop- 
ment. With the hay crop, however, the results are favorable to the 
growth of the straw portion of the plant. Calcium sulphate in general 
is considerably superior to sodium sulphate in its fertilizing action. In 
the case of clover both of these compounds, when added separately, 
increased the root development markedly. This would tend to increase 
the feeding power of the plant and may largely account for the increase 
of hay produced by their use. Sulphur alone depresses the general 
development of the plant, with the apparent exception of the clover roots. 


CRUCIFERAE 


RADISHES (Raphanus sativus).—The variety grown was Earliest Scarlet 
Turnip. Crop A followed two crops of rape on the same soil, both of 
which had been fertilized. Crop A was not fertilized. Crop B followed 
crop A on the same soil and was not fertilized. Crop C was also grown on 


the same soils, but was fertilized. Fifty days from planting crop A, 
alternate rows of the crop were harvested from one set of boxes for photo- 
graphing. These were dried and the weights recorded. The remaining 
plants were allowed to develop seed and the residue rejected. Plate 
XX, figure 2, is therefore the only available comparison covering the 
whole crop. The air-dried yields are given in Table IV. (See Pl. XX, 
fig. 3.) 


TABLE IV.—Average weights (in grams) of air-dried radish crops 





Crop A. Average 


i @ B relative 
Treatment. } teleeks yields of 


whole 
plants). plants for 


all crops. 
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The results call for special comment. They show, especially where 
freshly fertilized (crop C), an unmistakable stimulus to growth by sul- 
phates. The effect is much more pronounced where the sulphates were 
applied alone than where the complete-fertilizer ration was used. A 
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point of special interest in these results is the fact that sodium sulphate 
gave quite as good results as calcium sulphate when added to the com- 
plete-fertilizer ration. This suggests that we were dealing here with a 
plant more tolerant of the concentrated soil solution than were the legumes 
grown. The radish was also more tolerant of elemental sulphur than 
were any of the legumes, although the growth in its presence was some- 
what inferior to that of the control plants. 

RaPE (Brassica napus).—The variety grown was Dwarf Essex. Crop 
A was grown on the usual soil, fresh and completely fertilized except for 
elemental sulphur. Crop B followed crop A on the same soil. The soil 
was refertilized and boxes with elemental-sulphur treatment were added. 
Crop C was grown on fresh-fertilized soil. Crop D followed crop C on 
the same soil and with the same fertilizer applications. The rape crops 
were harvested when the death of the basal leaves indicated the near 
approach of maturity. Data of the weights of the air-dried rape crops 
are given in Table V. 


TABLE V.—Average weight (in grams) of air-dried rape crops 





Tops. Roots. 





| | | 
Rela- | Rela- 
Treatment. - | tive | tive 
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It is clearly evident that the addition of sulphates benefited this crop, 
but especially so where they supplemented the complete-fertilizer ration. 
Apparently the demands for sulphur of the higher yields of tops from 
the fertilized plants accentuated the benefits from the sulphates in this 
case (Pl. XXII, fig. 1). 

The sulphates of calcium and of sodium were equally efficient for 
rape. In the case of the roots only the calcium sulphate gave beneficial 
results. Possibly the soluble sodium sulphates increased the concentra- 
tion of the soil solution to such an extent as to retard the growth of the 
roots. It is well known that in water cultures the roots of plants are 
more sensitive than the tops to such changes in the nutrient medium. 
As in water cultures, so, too, in these soil cultures, it appears that the 
growth of tops and of roots does not proceed parallel. 
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Rape was also grown upon sand. The sand employed was obtained 
from the Wausau Quartz Co., Wausau, Wis. It was an angular product, 
designated as No. 2, which passed almost completely through a sieve of 
40 meshes to the inch, but was half retained by a 60-mesh sieve. It con- 
tained small amounts of impurities, but no sulphates. Fifteen kgm. (33 
pounds) of this sand were placed in the usual boxes with the following 
fertilizer treatments: 


Boxes Nos. Gm. 
Tricatcioin phosphate (Ca (PO,)s). 0. 6 5 OO SR OE 12.0 
PRATT IGE RD TED) 1 50) ik Salon's cca aic's Tha oahu wis Ee Be GM 4.5 

ia Moonesium nitrate (Mo(NO,)s)s: 6:00: 5 cicisc vison sles sieve viveiete eee ves 2.5 
SN RRRER MIAN CTI 5, «Sacto vaca at'y sd cininia. vi gusiess ayoinibiaynce Ga ean PR 8.0 
SRRORAFT? CUNNING CMU 665055 sue 5106.5 9 8 A-S aad. 8 6 Hw He Ne Ss OR AIS ESS 5.0 
SOU NO Io och icin ihn pis, 60 Gea Fe #59 vis onde MiaTATE SSeS re ee 1.0 

3-4. Like 1 and 2-+-calcium sulphate (CaSQ,)............cccccesccsccccees 12.0 

5-6. Like 1 and 2+-sodium sulphate (Na,SQ,).............cccceeeseceeees 12.0 

7-8. Like x and 2+sodium sulphate (Na,SO,).............scceccccccseecs 6.0 


All of the salts, except sodium nitrate, were mixed with the sand 
before planting, but this was applied to the growing plants in portions 
from time to time. At 84 days of growth, when the plants gave the 
usual signs of maturity, the crop was harvested. The yields of the 
air-dried rape crops are given in Table VI. 


TABLE VI.—Average weights (in grams) of air-dried rape crops 





Relative yields 
when complete 
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Treatment. | ops Reots. fertilizer= 100. 
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Tops. | Roots. 
i SUI IAM wis a stey aig 5d Sind <h ewehp Dalen vmieslnen | 39-0 | 4.5] 100 100 
2. Complete fertilizer+calcium sulphate................ | 43-0 | 10.0] 110 222 
3- Complete fertilizer+sodium sulphate................. -| 26.5 | 3.2 68 71 
4. Complete fertilizer+-14 sodium sulphate..............| 310] 3.5 80 78 





In these cultures the calcium sulphate was beneficial, but the sodium 
sulphate depressed the yields as compared with the basal complete ferti- 
lization. The data show this effect of the sodium sulphate least where 
the smaller amount of salt was applied. This again seems to indicate 
that the depressed effect was due, in part at least, to an excessive con- 
centration of soluble salts. If such an effect were appreciable, one would 
expect it to be more pronounced in the case of the sand than with soil 
on account of the lower absorptive power of the former, and such was 
the case. The calcium sulphate exerted a remarkable effect on the 
development of the rape roots in these cultures. An objection might 
possibly be raised that the beneficial effects upon root growth apparent 
with the soil cultures may have been due to imperfect separation of the 
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finer parts of the root system from the soil. Such objection would not 
apply to the sand cultures, which therefore gave conclusive evidence of the 
stimulating effect of calcium sulphate upon the root development of rape. 
The benefit to the tops from this salt was much less pronounced, but 
nevertheless definite. As in most other cases, the elemental sulphur 
was detrimental to the plants, presumably because of toxic action. 
There seems to be no doubt that the rape plant has specific need for 
sulphur, which should be met by including sulphates in its fertilizer 


treatment. 
GRAMINEAE 


BARLEY (Hordeum vulgare).—One crop was grown upon a set of soils 
which had already produced one crop of peas with fertilizer treatment 
and a second crop without fertilizer. The barley crop was not fertilized, 
as the pea crops had been light. The variety planted was New Zealand 
Chevalier. In Table VII are given the average air-dried weights of the 
yields from duplicate boxes. 


TABLE XVII.—Average weights (in grams) of air-dried barley crop 





1 
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Straw. Grain. 
Treatment. ee ty Relative 
| Taio’ yields Tos rield 

| Weight. when con- Weight. when om 

trol= 100. trol= 100. 
Et GO iowa Aca tua ca snslas eases cannes 36. 5 100 9-5 100 
Be Complete Teste ooo ioc o's 5 ois caine sie ons 59. 0 162 10. 5 III 
3. Complete fertilizer+sodium sulphate .... 67.0 184 14. 5 153 
4. Complete fertilizer+calcium sulphate. ... 62. 5 171 15.0 158 
5. Sodium sulphate only.................. 43-5 119 14.0 147 
6. Calcium sulphate only................... 38. § 106 17.0 179 
DSU UE 5. evn y's tras i yeiny eure es 39. 0 107 33.8 142 














The limited data available are insufficient for the deduction of definite 
conclusions concerning the effects of the sulphur supply upon the growth 
of the barley crop. They indicate, however, that sulphur and the sul- 
phates here applied had little influence upon the production of straw in 
this crop either when added to a complete-fertilizer ration or when applied 
alone. Conditions were decidedly different in the case of the grain. 
While the production of straw seems to have been limited, this amount 
of straw produced 40 to 80 per cent more grain in the crops receiving 
sulphur and sulphates alone than in the control crops. Likewise, the 
crops receiving sulphates in addition to a complete-fertilizer ration pro- 
duced about 40 per cent more grain than those receiving only the com- 
plete ration (Pl. XXII, fig. 2). 

Oats (Avena sativa).—This crop was grown upon a set of soils which 
had borne two unsatisfactory barley crops, the first of which had been 
fertilized. The oat crop was not fertilized. Wisconsin Wonder was 
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the variety planted. Unlike the barley, this grain crop showed decided 
differences in development upon the different rations during its growth, 
as shownin Plate XXII, figure 3. In Table VIII are given the average 
yields of the thrashed crop in the usual manner, the husks being care- 
fully removed from the seed. 


TABLE VIII.—Average weights (in grams) of the air-dried oat crop 





| 
Straw. Grain. 





Treatment. Relative Relative 


- yields yields 
Weight. | when con-| Weisht- | when con- 


trol= 100. trol= 100. 





28. 5 100 ‘ 100 
. Complete fertilizer 56.0 197 ; 200 
. Complete fertilizer+sodium sulphate . . $7. 6 202 7. 340 
. Complete 10 sg iguana sulphate «. 54: 5 QI , 340 
. Sodium sulphate only. . : oaks 19. 5 68 3 100 
. Calcium sulphate only 19. 0 67 , 100 
. Sulphur only 23.8 82 ; 140 
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The statements previously applied to the limited amount of data on 
barley also apply to the oats. So far as the preceding table is concerned, 
however, it indicates, as in the case of barley, no appreciable effect of 
sulphates upon the development of straw when they supplement the 
usual complete-fertilizer ration. Sulphur and sulphates alone even 
depressed the yield of straw as compared with the control crops. 

In the case of the grain, the application of sulphur and sulphates alone 
did not increase the yield as compared with the controls, although it 
increased the ratio of grain to straw. The crops receiving complete 
fertilizer indicate a marked stimulating effect of sulphates upon seed 
production in this crop. Those crops receiving sulphates in addition to 
a complete fertilizer produced 70 per cent more seed than those receiving 
complete fertilizer only. 

The data from these two crops of the Gramineae family have shown 
a marked response of these plants to the application of sulphates by 
increased seed production. From these records it appears that under 
present common methods of fertilization these grain crops may fre- 
quently reach a maximum production of straw, but that the capacity 
of this yield of straw to produce seed may be greatly enhanced by the 
addition of calcium sulphate or sodium sulphate to the so-termed com- 
plete-fertilizer ration. In future investigations the writers plan to 
determine whether the indications here obtained with the Gramineae 
express a general and fundamental sulphur requirement of this family of 
plants. 

The influence of the concentration of the soil sulphates on the sulphur 
content of plants has already received consideration (9), but it will not 
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be out of place to include further data on that subject. Work has been 
done especially on clover and rape. Data illustrating this influence are 
given in Table IX. The crops were air-dried. 


TABLE IX.—I nfluence of supply of sulphates on the sulphur and potassium content of 
clover and rape 
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2. Complete fertilizer....| .20 | 71] .142| -14| 85 | «119 | 2.42| .18] 29| .054] -22| 27] «059 
3. Complete fertilizer + | 

sodium sulphate....| .20 | 72|.144| -2r| 99 ie 207 | 2-63 | .87] 31 | .269] -78| 4r] .319 
4. Complete fertilizer + | | 

calcium sulphate....| .20/ 79] .s558/| .25 | 110 | .275 | 2.31 +90] 33 | +290 | .70/ 50] .350 
5. Sodiumsulphateonly.| .11 | 66] .072| .13 | 56] .072| 1.64] 1-18| 14] .165| 1.08] 15 | .162 
6. Calcium sulphateonly| .16| 63 | .100) .25 | 61 |.152| 1.36| 1.18] 14 -165| .90] 13] «117 
7. Sulphur only......... *19 | 49] -093 | +22) 45 | -099| 1-32] 1-00] 13 | «130 | 1.66 4| -066 








As has been pointed out, the effect of a more concentrated soil-sul- 
phur solution is to increase the total sulphur content of the root and the 
stem, but not of the seed. This influence is particularly great in the case 
of the leafy plant like the rape, but is not so marked in the red clover. 
In the rape the percentage variation of sulphur ranged from 0.20 to 1, 
depending upon the supply, while in the clover the range was from 0.10 
to 0.20. In the case of one crop of clover there is included the total 
potassium content of this crop. It has been common, since the time of 
Boussangault, to explain the action of calcium sulphate in the soil as a 
liberator of potassium, and its effect asindirect. This explanation might 
still be used for our own results where calcium sulphate was added alone. 
In this case the growth of crop was so much increased over the growth in 
the control that the total potassium removed was considerably more than 
in the control. But where the complete fertilizer containing potassium 
chlorid is compared with the complete fertilizer plus calcium sulphate, 
such an explanation for the action of calcium sulphate becomes untena- 
ble. The increased growth due to the calcium sulphate in the presence 
of a complete fertilizer containing potassium can have no other explana- 
tion than that its action was direct rather than indirect. 


SUMMARY 


The data presented from these greenhouse studies with one type 
of soil indicate that certain plants are measurably increased in their 
growth by the addition of sulphates. We have emphasized in another 
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place the fact that sulphates have very little effect as compared with 
soluble phosphates on the soil flora. This difference in action will remove 
the sulphates from the category of effective fertilizers for all crops. 
Nevertheless, for certain plants and types of soil they will be beneficial 
if their only action is as a source of sulphur. 

The plants most affected were the members of the Leguminosae and 
Cruciferae. It is probable that we should expect these classes of plants 
to be more responsive to the higher concentration of sulphates in the 
soil water than, for example, the Gramineae, owing to the higher protein 
content of the first group and the special sulphur-bearing bodies abun- 
dantly formed in the second group. In this soil, however, there was 
noticeable stimulation to seed production in both barley and oats, 
although there was little or no effect on the development of the quantities 
of straw. 

In the case of clover the increase in air-dried matter due to calcium 
sulphate alone was about 23 per cent. With rape the greatest increase 
occurred where the calcium sulphate was superimposed upon a complete 
fertilizer, giving an increase of 17 per cent over the complete fertilizer. A 
similar order of increase was likewise observed with the radish crop, 
where the increase above a complete fertilization, due to the calcium 
sulphate addition, averaged 9 per cent. 

In general, the calcium sulphate was more effective than the more 
soluble sodium sulphate. The special influence of sulphates on root 
development is pointed out. They were particularly effective with red 
clover and rape. In the case of red clover, which was more especially 
studied, the roots were much elongated where sulphates entered into the 
ration. This must result in a more extended feeding area for the plant 
and, in addition, increase its ability to withstand periods of drought. 

The somewhat common observation of the benefit of land plaster to 
this plant can probably be closely correlated with this special effect of 
sulphates on root development, as well as its high protein character, 
which would make special demands for sulphur. 

Whether recorded failures in the use of land plaster are to be correlated 
with wet seasons, a high sulphur content normal to the soil under obser- 
vation, or the variety of plants used is a matter for future observation. 

In these greenhouse experiments elemental sulphur was generally 
harmful. These harmful results occurred even in the presence of a 
generous supply of calcium carbonate. These results indicate that ele- 
mental sulphur may be toxic through its incomplete oxidation to sul- 
phites; toxicity may also arise in the absence of sufficient basic material 
through the development of acidity from sulphuric acid. 

Application of these results to field practice is reserved until more data 
on field plots are available. 
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PLATE XX 


Fig. 1.—Clover plants, showing influence of sulphates on growth. 1, Check; 2, 
nitrogen, phosphorus, potassium; 3, nitrogen, phosphorus, potassium, plus sulphur as 
sodium sulphate; 4, nitrogen, phosphorus, potassium, plus sulphur as calcium sul- 
phate; 5, sodium sulphate only; 6, calcium sulphate only; 7, elemental sulphur 
only. 

Fig. 2.—Radish plants, showing influence of sulphates on growth. 1, Check; 2, 
nitrogen, phosphorus, potassium; 3, nitrogen, phosphorus, potassium, plus sulphur 
as sodium sulphate; 4, nitrogen, phosphorus, potassium, plus sulphur as calcium 
sulphate; 5, sodium sulphate only; 6, calcium sulphate only; 7, elemental sulphur 
only. 

Fig. 3.—Radish plants,“ showing influence of sulphates on growth. 1, Check; 2, 
nitrogen, phosphorus, potassium; 3, nitrogen, phosphorus, potassium, plus sulphur as 
sodium sulphate; 4, nitrogen, phosphorus, potassium, plus sulphur as caleium sul- 
phate; 5, sodium sulphate only; 6, calcium sulphate only; 7, elemental, sulphur 
only. 
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PLATE XXI 


Red clover, showing effect of sulphates on growth of roots. A, Check; B, nitrogen, 
phosphorus, potassium; C, nitrogen, phosphorus, potassium, plus sulphur as sodium 
sulphate; D, nitrogen, phosphorus, potassium, plus sulphur as calcium sulphate; £, 
sodium sulphate only; F, calcium sulphate only. 








PLATE XXII 


Fig. 1.—Rape plants, showing influence of sulphates on growth. 1, Check; 2, 
nitrogen, phosphorus, potassium; 3, nitrogen, phosphorus, potassium, plus sulphur 
as sodium sulphate; 4, nitrogen, phosphorus, potassium, plus sulphur as calcium 
sulphate; 5, sodium sulphate only; 6, calcium sulphate only; 7, elemental sulphur 
only. 

Fig. 2.—Barley plants, showing influence of sulphates on growth. 1, Check; 2, 
nitrogen, phosphorus, potassium; 3, nitrogen, phosphorus, potassium, plus sulphur 
as sodium sulphate; 4, nitrogen, phosphorus, potassium, plus sulphur as calcium 
sulphate; 5, sodium sulphate only; 6, calcium sulphate only; 7, elemental sulphur 
only. 

Fig. 3.—Oat plants, showing influence of sulphates on growth. 1, Check; 2, 
nitrogen, phosphorus, potassium; 3, nitrogen, phosphorus, potassium, plus sulphur 
as sodium sulphate; 4, nitrogen, phosphorus, potassium, plus sulphur as calcium 
sulphate; 5, sodium sulphate only; 6, calcium sulphate only; 7, elemental sulphur 
only. 
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DISTRIBUTION OF THE VIRUS OF THE MOSAIC DISEASE 
IN CAPSULES, FILAMENTS, ANTHERS, AND PISTILS 
OF AFFECTED TOBACCO PLANTS 


By H. A. ALLARD 


Assistant Physiologist, Tobacco and Plant-Nutrition Investigations, 
Bureau of Plant Industry 


Embryonic transmission of the mosaic disease from parent to offspring 
has not been observed in tobacco plants. Although the disease some- 
times appears particularly malignant, so that normal capsule develop- 
ment is almost completely inhibited and few viable seed are produced, 
plants from such seed are healthy. The normal reproductive vigor of 
tobacco plants may not be seriously checked by the mosaic disease, 
especially if it makes its appearance late in the development of the 
plant. In such plants a nearly normal vegetative development has been 
attained and subsequent flowering and seed production appear to be 
little, if at all, inhibited. 

It is of considerable interest to know how closely the embryo may be 
invested with tissues bearing the infectious principle of the mosaic 
disease. Before the question had been fully investigated the writer was 
under the impression that the virus ordinarily did not reach the pla- 
cental column bearing the seeds. In order to test this point, three 
healthy Connecticut Broadleaf tobacco plants were set aside until seed 
production had begun. The spongy placental tissue of six to eight 
capsules on each plant was then punctured deeply with a needle and the 
virus of mosaic disease introduced abundantly. Capsules of all ages, 
from very young to those fully grown, were punctured and the virus 
injected. Although a number of the more immature capsules developed 
very poorly following this treatment, an abundance of seed was secured 
and sowed on March 31, 1914. From this seed 400 plants were obtained 
and later transplanted to 3-inch pots. On May 18 all were healthy, and 
40 were inoculated with the virus of the mosaic disease. Practically all 
of those inoculated were showing symptoms of the disease on May 27 
and 28. 

Later experiments with affected plants have shown that the capsules 
of such plants normally contain the virus of the disease. The tobacco 
capsule contains two cells formed by a median cross wall or partition. 
By cutting through the thin ovary wall near this partition on both sides 
of the capsule the ovary wall can be readily removed in two halves, 
exposing to view each half of the large placental column with its attached 
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ovules. A thin, sharp scalpel heated to redness was used for cutting 
away the ovary wall, so that possible infection of any portion of the 
placental tissues from the ovary wall itself was avoided. ‘Table I shows 
the occurrence of virus in the placental structure and ovules of mosaic- 
diseased plants. 


TABLE I.—Occurrence of virus in the placental structure and ovules of tobacco plants 
affected with the mosaic disease 





Date of 
inocula- 
tion. 


Number of 
plants. 


Variety. 


Material used for inoculation. 





1914. 
Apr. 23 





to (control)... 





Connecticut Broadleaf. 








Sap of portions of placental col- 
umn and immature ovules of 
green capsules from plants 
affected with mosaic disease. 
These portions were macer- 
ated in a mortar with clean 
tap water. 

p of green leaves from same 
plants. 

Sap of green placentas and 
ovulés from a healthy plant 


and macerated with tap water. 


Sap of macerated placentas and 

immature ovules of large, 

een capsules of plants af- 
ected with mosaic disease. 

Sap of ovaries entire from the 
same plants. 

Thin paste obtained by grind- 
ing in a mortar with a small 
quantity of tap water the 
white and brownish imma- 
ture seeds of two capsules 
from plants affected with 
mosaic disease. These seeds 
were scraped very carefully 
from the placental column. 

Sap of two placentas alone, 
tom which the ovules were 
removed in the preceding test. 

Sap of immature seeds and pla- 
centas obtained from a 
healthy plant and ground 
with tap water. 

Macerated placentas and im- 
mature seeds of green cap- 
sules from plant A, affected 
with mosaic disease. 

Thoroughly mature, loose seeds 
from dried, brown, matured 
capsules of the same plant, A, 
were poured from the capsules 
into a mortar and ground toa 
thin paste with tap water. 

Macerated placentas and imma- 
ture s of green capsules 
from a healthy plant, mixed 
and ground in a mortar with 
dried mature seeds from the 
same plant. A small quan- 
tity of tap water was added 
to obtain a thin paste. 
acerated white immature 
ovules carefully removed from 


disease and mixed with tap 
water to form a thin paste. 

Sap of leaves from the same 
plants affected with mosaic 
disease used in the preceding 
test. 





8 affected with mosaic 
disease on May 9. 


6 affected with mosaic 
disease on May 9. 
All healthy on May 9. 


6 affected with mosaic 
disease on May 26. 


10 affected with mosaic 
disease on May 26-28. 

4 affected with mosaic 
disease on May 28. 


7 affected with mosaic 
disease on May 28. 


All healthy on May 28. 


ro affected with mosaic 
disease on June 6. 


3 affected with mosaic 
disease on June 8. 


All healthy on June 8. 


4 affected with mosaic 
disease on June ro. 


10 affected with mosaic 
disease on June ro. 
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TABLE I.—Occurrence of virus in the placental structure and ovules of tobacco plants 
affected with the mosaic disease—Continued 





Date of | Number of 





a plants. Variety. Material used for inoculation. Effect. 
1914. : 

FUER 61M ie vedecens Maryland Mammoth. .| Thin paste obtained by grind- | 4 affected with mosaic 
ing with tap water in a mor- disease on June 10. 
tar thoroughly dry, loose, 
ripened seeds from matured 
capsules of plants affected 
with mosaic disease. 

BH tes wttavried cis Bick stags. corte: Same macerated material used | 2 ut with mosaic 
as in preceding test. disease on June 1o. 
2 | r0(control)..|..... is 555, ccovlls te Paste obtained by grinding to- | All healthy on June ro. 


gether white immature ovules 
from green capsules and dry, 
loose, ripe seeds from healthy 
plants. Small quantity of 
tap water added to thin the 
paste. 

June 4 | 10....---+00e]...., DRitviniet tifcseni Thin paste obtained by grind- | 7 affected with mosaic 
ing with tap water loose, dry disease on June ro. 
thoroughly ripened seeds of 
capsules from plants affected 
with mosaic disease. 





4 Sap of green leaves from the | 10 affected with mosaic 
plants in the preceding test. disease on June ro. 

4 Paste obtained by grinding and | 1 affected with mosaic 
thinning with tap water dry, disease on June ro. 


loose, ripe seeds from cap- 
sules of plant B affected with 
mosaic disease. : 
4 | TO--sseeeeee-f. i... Mevivecisaiezeys Thin paste obtained by grind- | ; affected with mosaic 
ing with tap water the nearly disease on June ro. 
mature, light brown seeds 
from ripening capsules of the 
same plant B affected with 
mosaic disease. In this test 
the capsules selected were 
still green and the placental 
column succulent and full. 
e seeds, which were firm 
and brownish in color, still 
adhered to the surface of the 
placenta. 
4 | 10 (control)..|..... Biiswicsescciisecke Paste obtained by macerating | All healthy on June ro. 
in a mortar with tap water 
dry, loose seeds, nearly ma- 
tured seeds, and leaves of 
healthy plants. 
§ | TO..--eseeeeel..,,. bisskenexdecoesccs Paste obtained by macerating | 2 affected with mosaic 
with tap water the loose, dry disease on June 11. 
seeds from ripening capsules 
of plants affected with mosaic 
disease. These seeds were 
mature, but the placental 
column was still succulent, 
although beginning to dry 
and shrink somewhat. 
S | WO.-se--eeeesl...., i epudhiesccnkpnes Macerated placentas from | 8 affected with mosaic 
which the seed in the preced- disease on June 11 
ingtest wasremoved. Small and 12. 
quantity of tap water added 
to obtain a thin paste. 
5 | ro(control)..|..... Wbunsccactsascucas Paste obtained by macerating | All healthy on June 11 
with tap water in a mortar and 12 
the dry, loose seeds and pla- 
centas of capsules obtained 
from healthy plants. 

















Earlier experiments! have shown that the roots, the apparently healthy 
lower leaves, and the corollas of plants affected with the mosaic disease 
sooner or later carry the virus of the disease. More recently experi- 
ments have been carried out to determine whether the virus is present 





1 Allard, H. A. Mosaic disease of tobacco. U.S. Dept. Agr. Bul. 40, p. 18-19. 1914. 
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in the filaments, anthers, and pistils of blossoms produced by affected 
plants. See Table II. 


TABLE II.—Occurrence of virus in the filaments, anthers, and pistils of blossoms produced 
by tobacco plants affected with the mosaic disease 





Date of 
inocu- 
lation. 


Number of ae , : i 
plants. Variety. Material used for inoculation. 





1914. 
May 21 Maryland Mammoth..| Sap of macerated pistils ex- | ro affected with mosaic 
tracted very carefully with disease on May 28. 
forceps from the blossoms of 
a tobacco plant affected with 
mosaic disease. A _ gentle 
pull with the forceps readily 
severs the style at its junction 
with the apex of the ovary. 
ae of leaves of the same plant, Do. 


to(control). . Sap of the leaves and pistils of | All healthy on May 28. 
a healthy plant. 

















Experiments with the pistils of plants affected with the mosaic disease 
were again repeated, using only the upper portion of the style and the 
stigma. This was done to avoid the possibility of infection from tissues 
of the ovary adhering to the base of the style when extracted. See 
Table III. 


TABLE III.—Occurrence of virus in the upper portions of the filaments, anthers, and 
pistils of blossoms produced by tobacco plants affected with the mosaic disease 





Date of 
inocula- 
tion. 


1914 
May 27 igeeonen | Maryland Mammoth. .| Macerated upper portions of | 8 affected with mosaic 
pistils from plants affected disease on June 6. 
with mosaic disease. 
.| Sap of leaves of the same plants.| 10 affected with mosaic 
disease on June 6. 
Sap of leaves and upper portions | All healthy on June 6. 
of the pistils of healthy plants. 
Sap of anthers of plants affected | 10 affected with mosaic 
with mosaic disease. These disease on June 1o. 
anthers were carefully re- 
moved with forceps just prior 
to opening, and were macer- 
ated in a mortar with a small 
quantity of clean tap water 
sufficient to make a thin paste. 
1o(control)..|.... Sap of anthers of healthy plants | All healthy on June ro. 
extracted in the same man- 
ner. 


Number of 


plants Variety. Material used for inoculation. 




















From the preceding experimental data it is evident that the virus of 
the mosaic disease in affected plants becomes distributed throughout 
the placental structures, reaching even the ovules themselves. Whether 
the virus passes beyond the integuments of the ovules to the embryo sac 
has not been determined. There is some indication that the macerated 
placenta in a succulent condition is more effective than the immature 


s 
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ovules, and especially the loose, dry, normally ripened seeds, in producing 
the mosaic disease in inoculated plants. Although the greatest care may 
be exercised in removing immature seeds from a succulent placental col- 
umn, it must be evident that the probability of rupturing and removing 
some of the placental substance is very great. In the normal ripening 
process, however, the seeds ‘loosen and fall away from the drying and 
shrinking placental column so gradually that the minimum amount of 
placental material is carried away attached to the seeds. 

Malformations caused by the mosaic disease may disturb the normal 
relations of stamens and pistils to such an extent as to cause sterility in 
many blossoms, owing to the failure of natural self-pollination. Hand 
pollination of these pistils has frequently led to normal seed development. 
Not infrequently the development of the corolla is almost entirely inhib- 
ited and the stamens and pistils also fail to develop normally. Even 
in these blossoms the anthers may contain more or less functioning 
pollen, which has produced norma! fertilization when transferred to the 
pistils of healthy blossoms. In some instances the anthers produce 
little or no functioning pollen. In extreme cases the normal form and 
structure of the anther sacs is replaced by a mass of irregular prolifera- 
tions. Generally blossoms affected with the mosaic disease appear to 
produce viable pollen and ovules quite as freely as those borne by 
healthy plants (Pl. XXIII). 

From the fact that the mosaic disease is not known to occur as the result 
of embryonic transmission of the disease directly from the mother plant 
during seed development, it is evident that a very efficient barrier guards 
against embryonic infection or the subsequent successful continuation 
of the disease from parent to seedling. In particularly malignant 
cases of the disease, where few or no viable seed are produced, following 
pollination with pollen from healthy blossoms, it is possible that the 
infective agents of the disease have produced embryonic infection 
which resulted in death. Whether the failure to produce viable seed 
in these instances is due to actual infection of the ovules or to a general 
impairment of nutrition and cell division of the capsular structures 
associated with embryonic development, can not at present be deter- 
mined. It is possible that embryonic development never proceeds in 
those ovules actually invaded and infected by the virus of the disease. 
In all experimental tests at least germinable seeds from plants affected 
with the disease have always produced normal, healthy offspring. 

At this time speculation seems quite fruitless, and one can only wonder 
what protects the embryo so securely from the mosaic disease, even 
though intimately associated with and nourished by infective parental 
tissues. 





PLATE XXIII 


Malformed blossoms of tobacco (Nicotiana tabacum) caused by the mosaic disease, 
which is often responsible for the various abnormalities shown. The corolla may 
show mottling only, or it may develop very imperfectly, producing various degrees 
of catacorolla, fasciation, etc. In some instances the corolla fails to develop entirely. 
The plants producing these acquired abnormalities as a result of the mosaic disease 
have been studied as to their inheritance, but the descendants were healthy and their 
blossoms normal. A common cause of sterility is the failure of successful pollination 
of the stigma, owing to the abnormal displacement of pistil and stamens. Hand pol- 
lination of such blossoms has often given capsules containing an abundance of fertile 
seed. Blossoms as poorly developed as A, D, and H are usually incapable of producing 
seed. The anthers, however, sometimes contain functioning pollen which may pro- 
duce fertilization of the ovules when transferred to the pistils of healthy blossoms. 
Blossoms E, F, G, I, J, K, and L, usually produce seed if hand pollination is practiced. 
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DISSEMINATION OF BACTERIAL WILT OF CUCURBITS 


[PRELIMINARY NOTE] 


By FREpDERICK V. RAND, 
Assistant Pathologist, Laboratory of Plant Pathology, Bureau of Plant Industry 


In the discussion of his exhaustive studies upon bacterial wilt of 
cucurbits, Dr. Erwin F. Smith ' makes the following statements relative 
to certain still unsolved portions of the wilt problem: 

Leaf-eating insects, and especially Diabrotica vittata (fig. 55), are, I believe, the 
chief agents in the spread of this disease. They feed readily, and sometimes the 
writer has thought preferably (fig. 7), on wilted leaves which are swarming with this 
organism. In this way their mouth-parts can not fail to become contaminated and 
to serve as carriers of the sticky iafection. No other means of dissemination is known 
to the writer, and this is believed to be the common way in which the disease is dis- 
tributed. * * * 

Seasonally the disease does not manifest itself until the leaf-eating beetles have 
put in their appearance, and this has led to the suspicion that the organism might 
pass the winter inside the bodies of these hibernating insects (Diabrotica vittata). As 
to this nothing definite is known. 


He has referred to this subject again in his St. Louis address,? as 
follows: 

The writer has since proved several diseases to be transmitted by insects, notably 
the wilt of cucurbits, and here the transmission is not purely accidental, but there 
appears to be an adaptation, the striped cucumber beetle (Diabrotica vittata), chiefly 
responsible for the spread of the disease, being fonder of the diseased parts of the plant 
than of the healthy parts. This acquired taste, for it must be that, works great harm to 
melons, squashes, and cucumbers. Whether the organism winters over in the beetles, 
as I suspect, remains to be determined. Certainly the disease appears in bitten 
places on the leaves very soon after the spring advent of the beetles. 

It was especially with a view toward throwing some light on the mode 
of hibernation of the causal bacteria and of developing some practical 
method of control that the writer undertook to continue the studies upon 
this frequently very destructive disease. Since the study was begun in 
midsummer (July, 1914), the first season’s work consisted largely of 
field observations which covered the territory from eastern Long Island, 
N. Y., and Maryland to Indiana and Wisconsin. Some of the worst 
examples of injury from wilt were found in eastern Long Island, and 
accordingly this locality was selected for the field tests of the following 
season (1915). While further investigations are under way, it appears 





1 Smith, Erwin F. Bacteria in Relation to Plant Diseases. v. 2, p. 215. Washington, D. C., rorr. 
2 . A-conspectus of bacterial diseases of plants. Jn Ann. Mo. Bot. Gard., v. 2, mo. 1/2, p. 390, 





191s. 
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desirable to record at this time the result of the first season’s experi- 
mentation. 

At East Marion, Long Island, N. Y., two fields were selected where 
during the season of 1914 about 75 per cent of the cucumber vines 
(Cucumis sativus) had been destroyed by bacterial wilt, as determined by 
the writer. Here was an excellent environment in which to test the 
question as to hibernation of the bacteria in soil v. animal carriers. 
Fifty large frame cages 4 feet square and 3™% feet high were constructed. 
The lower 18 inches of the sides were boarded up, while the covers and the 
upper 2 feet were inclosed in 18-mesh wire mosquito netting. These 
bottomless cages were set 15 inches into the soil, leaving 3 inches of the 
boarded portion above the soil line. The juncture between cover and 
sides was sealed with cotton and liquid tar, and the cracks between the 
boards of the basal portion were stuffed with cotton to prevent access of 
insects. Twenty-three of these cages were set in one of the fields and 
twenty-seven in the other. In each field the soil in four cages was 
sterilized by live steam at 75 pounds’ pressure for one hour, but this 
made no difference in the final result. This was done in order to kill 
any wilt bacteria which might have wintered over in the soil. In each 
field the cages containing sterilized and unsterilized soil were located at 
intervals across the field and cucumbers were planted in the usual way 
in the soil between and within the cages on June 5 and 6. A half-dozen 
plants were grown in each cage and later on thinned to three or four. 
After planting, the cages. were all sealed with lead seals to preclude acci- 
dental opening of the covers, and whenever necessary to open the cages 
for examination they were again sealed in the same manner, By this 
careful construction and setting of the cages it was thought possible to 
exclude all of the insects injurious to cucumbers except possibly aphides 
and flea beetles, some of both of which later on entered some of the cages 
through the wire netting, but were without effect upon the experiment. 

Field No. 1 was separated by at least one-half mile, including a quarter- 
mile depth of woods, from the nearest cultivated cucurbits. It was, in 
fact, surrounded on three sides by woods and on the fourth side by Long 
Island Sound. 

Field No. 2 was about one-quarter mile from other cucurbits, but with- 
out the intervening woodland. 

Plate XXIV, figure 1, shows the cages in place in field No. 2; Plate 
XXIV, figure 2, shows field No. 1, with a cage in the foreground lifted, 
the darker part of the base indicating the depth buried. 

No commercial cucumber fields were planted in either locality until 
two or more weeks later in the season. 

As soon as the young plants were 2 or 3 inches high and before any 
wilt had appeared, five or six striped cucumber beetles were introduced 
into each of 4 cages, 2 in each experimental field. These beetles were 
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collected in field No. 1, where presumably they had hibernated. Within 
a week several plants in 1 of the 2 cages in field No. 1 into which the 
beetles had been introduced showed signs of wilt, starting from points 
in the leaves gnawed by the beetles. Upon ‘cutting off the stems the 
typical stringing out of the viscid white bacterial slime was seen. Cul- 
tures were made by the writer from one of these plants and subsequent 
inoculations from these cultures into healthy plants again gave the dis- 
ease. Other wilted plants from the same cage were sent to Washington, 
D.C., and from one of these Bacillus trachetphilus was obtained and with 
it successful inoculations were made in cucumbers in one of the Depart- 
ment greenhouses by Dr. Smith. No signs of wilt occurred in the 3 
other cages in which beetles were placed, or, with one exception, in any 
of the 46 other cages. 

Meanwhile in both fields the wilt was beginning on plants between 
the cages. At first the wilt appeared only on a plant here and there, and 
then gradually extended throughout the two fields until no portion was 
entirely exempt. In the two fields together there were in the neighbor- 
hood of 1,200 hills of cucumbers exposed to attack of the beetles. The 
cages in field No. 1 extended approximately a quarter of a mile through 
the field at equal distances and in field No. 2, which was about two-thirds 
as large, they were spaced closer. There was a check plot contiguous to 
each cage. The approximate number of cases on the plants in field 
No. 1 during the three months was 600; in field No. 2 it was 200. No 
counts were made after September 1, owing to the appearance of the 
cucumber mildew (Plasmopora cubensts). 

In all these cases of wilt in the exposed (uncovered) plants, infection 
was clearly seen to have started from beetle injury. Careful record was 
kept throughout the season of every hill and plant showing wilt, and 
although between the cages the disease was everywhere present the plants 
within the cages were strikingly free from the disease. The plants in 
these 50 cages were examined every day from planting time (June 5-6) 
until September 1. In one cage where beetles were not liberated, wilt 
was noted just starting in the tip leaf of one plant at a point gnawed by 
a beetle. A careful search in this cage disclosed a striped beetle, which 
was summarily disposed of. Microscopical examination and cultures 
from the lower part of the stem failed to disclose any bacteria, showing 
that the wilt in this case could not have come from the soil and must have 
been brought in by the beetle, which probably entered through a crack 
due to warping of the boards. Careful search failed to disclose any 
further beetle injury within the cage, and, after the removal of the beetle 
and the one wilting plant, no further signs of the disease appeared therein 
during the season. With this exception and that of the above-mentioned 
I cage into which the beetles were purposely introduced, not a case of 
wilt occurred in any of the 50 cages during the entire season. 
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From these cage experiments therefore it would appear that the wilt 
bacteria are carried over the winter by the hibernating beetles and inocu- 
lated into the cucumbers as they feed upon the young leaves. However, 
from the fact that wilt appeared in only one of the four cages into 
which beetles were introduced, it would seem that not all hibernating 
beetles carry the disease, but only those, or some of those, which have 
previously fed upon wilted plants. In other words, the beetles act not 
only as summer but also as winter carriers of the wilt organism from one 
cucumber plant to another. At least the above facts seem to warrant 
this as a tentative conclusion. The only possible alternative is to sup- 
pose that some of the beetles captured on June 17 and introduced into 
the four cages had recently had opportunity to gnaw diseased plants, 
which under the circumstances of their capture appears to the writer out 
of the question. Finally, in addition to the positive evidence of insect 
transmission afforded by this cage and by the one into which a beetle 
accidentally penetrated, as well as by daily observation on the check 
plants, there is the negative evidence afforded by the fact that in all 
cages from which beetles were excluded the plants remained free from 
the disease in two fields where it was very prevalent. 




















PLATE XXIV 


Fig. 1.—Cucumber field No. 2, with beetle-proof cages in place. 
Fig. 2.—Field No. 1, with one of the cages lifted to show structure of the buried part. 

















Dissemination of Bacterial Wilt of Cucurbits 
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